INTRODUCTION

Graft-versus-host disease (GVHD) is a leading cause of nonrelapse mortality after allogeneic hematopoietic cell transplantation (alloHCT).
Broadly acting calcineurin inhibitors (CNIs) are often used to prevent GVHD but exert undesirable antagonistic effects on T cell receptor (TCR) signaling and regulatory T cell (T reg ) differentiation and function (1) (2) (3) . The lack of immune selectivity by CNIs places the alloHCT recipient at risk for opportunistic infections and relapse of their underlying hematologic malignancy. As opposed to heavily impairing signal 1 (TCR signaling) of T cell activation with CNIs, GVHD may be prevented by targeting activation signal 2 (costimulation) and signal 3 (cytokine activation). Therefore, an alternative approach at GVHD prophylaxis is to concurrently target CD28 costimulation and interleukin-6 (IL-6) receptor activation of T cells by inhibiting key signal transduction molecules in these pathways.
CD28 costimulation contributes to T cell alloreactivity and GVHD. Rodent bone marrow transplant recipients receiving CD28 − T cells experience much less GVHD, compared to wild-type T cells (4, 5) . Blockade of ligand interactions between CD80/CD86 and CD28 with neutralizing antibody also reduces murine GVHD (4, 5) . CD28 signal transduction activates mTOR and Aurora kinase in T cells (6) . mTOR is a known pharmacologic target in GVHD prophylaxis (7) (8) (9) , and its blockade is selectively toxic to conventional T cells (T conv ) compared to T reg (10) . When tacrolimus is omitted by design, sirolimus alone is inadequate because most treated patients develop grade II to IV acute GVHD 15 days after transplant (11) . Aurora kinase isoforms ubiquitously regulate mitotic progression and cellular polarity in human cells (12, 13) but also mediate T cell costimulation (6) . Aurora kinase can active substrates required for T cell proliferation that are shared with mTOR and is only partially curtailed by sirolimus (6) . Complete inhibition of Aurora activity requires direct blockade of the molecule or targeting upstream phosphatidylinositol-3-OH kinase (6) . Increased Aurora kinase A expression was recently correlated with acute GVHD in human recipients of alloHCT and in experimental models studying murine and nonhuman primate hosts (14) . Moreover, pharmacologic blockade of this novel pathway with alisertib, an Aurora kinase A inhibitor, significantly delayed the onset of GVHD in mice (14) . These data revealed that Aurora kinase A is biologically relevant to GVHD, but its inhibition alone does not fully control alloreactivity (14) .
IL-6 receptor signaling polarizes T helper 1 (T H 1) and T H 17 cells that are effectors in GVHD and impairs T regs that modulate GVHD (15) (16) (17) (18) (19) . IL-6 activates Janus kinase 2 (JAK2) and leads to downstream phosphorylation of signal transducer and activator of transcription 3 (STAT3) (15, 16, 20) . We observed that CD4 + T cell JAK2 activity is increased among alloHCT recipients who later develop GVHD (21) . Anti-IL-6 receptor antibody combined with a CNI ameliorates human GVHD (22) , but it does not influence T H 1, T H 17, or T reg differentiation (20, 22) . JAK2 inhibition conversely polarizes human natural T reg responses and inhibits T H 1 and T H 17 development in vitro (15) . However, selective blockade of JAK2 alone does not provide lasting protection in murine GVHD (17) . This observation is distinct from JAK1/JAK2 inhibition, where coblockade of JAK1 acts broadly to reduce GVHD (23) as well as beneficial antiviral cytotoxic T lymphocyte (CTL) (24, 25) . These data show that JAK2 activation contributes to GVHD, though its selective inhibition is insufficient to completely prevent GVHD, despite preservation of T regs .
Given that CD28 costimulation and IL-6 signal transduction facilitate T cell activation after encountering alloantigen, we hypothesized that combined inhibition of Aurora kinase A and JAK2 signaling would cooperatively suppress alloreactivity. Moreover, we expected CTL responses to remain intact because the TCR and JAK1 are left unperturbed. Using human in vitro and xenogeneic GVHD experiments, we investigate how these independent cellular pathways significantly affect donor T cell activation, differentiation, and function. Our data support the concept that GVHD prevention can be accomplished by targeting Aurora kinase A and JAK2 without impairing T reg or antitumor CTL function.
RESULTS
Synergistic immunosuppression
is attainable with combined inhibition of Aurora kinase A and JAK2 Allogeneic mixed leukocyte reactions (alloMLRs) are standard assays used to assess human T cell proliferation against polyclonal or antigen-specific stimuli. In alloMLRs consisting of human T cells and allogeneic monocyte-derived dendritic cells (DCs), the JAK2 inhibitor TG101348 (26) reduced alloreactive T cell proliferation at concentrations of 350 nM and greater as previously reported (Fig. 1A ) (15) . The Aurora kinase A inhibitor alisertib (27, 28) suppressed the proliferative response of T cells in alloMLRs with a median inhibitory concentration (IC 50 ) of 10 mM (Fig. 1A) . Synergistic suppression of T cells allostimulated by DCs was achieved when TG101348 and alisertib were added together at a ratio of 1:5, respectively, with a calculated combination index (CI) of <1 using the Chou-Talalay method (Fig. 1A) (29) . The observed IC 50 of the combination correlated with 350 nM TG101348 and 1.75 mM alisertib (Fig. 1A) .
The chemical analogs AJI-214 and AJI-100 were designed and synthesized at the Moffitt Cancer Center (28, 30) and shown to inhibit Aurora kinase A and JAK2 with similar potency (figs. S1 and S2). AJI-100 differs from AJI-214 by a single chlorine to hydrogen substitution at the ortho position of its phenyl ring, enhancing its solubility (28, 30) , hence its preferred use in vivo (Fig. 1, B and C) . Because AJI-100 is tolerated in mouse models (28), we performed a kinase target screen on AJI-100 to verify its activity against Aurora kinase A and JAK2 among a panel of 140 kinases ( fig. S2 ). Aurora kinase A and JAK2 were among the top three kinases inhibited by AJI-100. We found that AJI-100 also inhibits 5′ AMPactivated protein kinase (AMPK) and exhibits slightly more potent suppression of Aurora kinase B than alisertib ( fig. S2) (31) .
AJI-214 and AJI-100 exerted significant suppression of T cells in alloMLRs, with single-agent efficacy at nanomolar concentrations (P < 0.05; Fig. 1, B and C) . were stimulated with DCs (DC/T cell ratio of 1:30) exposed to TG101348 (JAK2 inhibitor), alisertib (Aurora kinase A inhibitor), or both TG101348 and alisertib at a fixed ratio of 1:5, respectively, at varying concentrations once on day 0. Proliferation was determined by fluorescence assay on day 5, with % proliferation based on dimethyl sulfoxide (DMSO) control. Graph depicts combination synergy (IC 50 values for TG101348 and alisertib were 350 nM and 1.75 mM, respectively), showing one representative independent experiment of two performed with triplicate technical replicates. The CI was calculated using the Chou-Talalay method. AlloMLR (DC/T cell ratio of 1:30) treated with AJI-214 (B), AJI-100 (C) (dual JAK2/Aurora kinase A inhibitors), or DMSO once on day 0 is shown. IC 50 values for AJI-214 and AJI-100 were 100 and 200 nM, respectively. Graph shows average triplicate means ± SEM from two to three independent experiments [analysis of variance (ANOVA)]. (D) Bar graph depicts T cell proliferation when exposed to alisertib (1.75 mM), TG101348 (350 nM), a combination of alisertib and TG101348 (combo), AJI-214 (750 nM), or AJI-100 (750 nM) in alloMLRs. Means ± SEM from four independent experiments (ANOVA) are shown using triplicate technical replicates. (E to H) Bar graphs depict the mean gated CD3 + T cell H3Ser 10 (target of Aurora) or STAT3 (target of JAK2) phosphorylation ± SD from three independent experiments after stimulation with allogeneic DCs (5 days) or IL-6 (15 min), respectively (ANOVA). Representative contour plots show H3Ser 10 and STAT3 phosphorylation, respectively.
Moreover, the AJI analogs suppressed alloreactive T cell proliferation similar to the potency of alisertib (1.75 mM) and TG101348 (350 nM) combined (Fig. 1D ). AJI-214 and AJI-100 (750 nM for each) also exhibited similar target inhibition of Aurora kinase A and JAK2 signal transduction in human T cells, reducing the phosphorylation of histone 3 serine 10 (pH3Ser 10 ) and STAT3 (pSTAT3) Y705, respectively ( Fig. 1, E to H) . As expected, alisertib only inhibited pH3Ser 10 ( Fig. 1 , E and F), and TG101348 only inhibited pSTAT3 (Fig. 1, G and H) .
Concurrent blockade of Aurora kinase A and JAK2 is immunosuppressive and permits the differentiation of inducible T reg DMSO, alisertib, TG101348, a combination of alisertib and TG101348, AJI-214, or AJI-100 was added to allogeneic cocultures of DC-stimulated T cells. Activated CD4 + T conv were identified as coexpressing CD25 and CD127 (32) (33) (34) , and the latter assisted in excluding T regs from the analysis (35, 36) . CD25 expression alone was used to identify activated CD8 + T conv . Although all inhibitors suppressed the activated T conv compared to DMSO, combined inhibition of Aurora A and JAK2 offered greater immunosuppression than either alisertib (P = 0.007, Fig. 2A ; P = 0.002, Fig. 2B ) or TG101348 alone (P = 0.02, Fig. 2A ; P = 0.02, Fig. 2B ). To quantify the effect of Aurora A/JAK2 blockade on T H 17, we performed IL-17 ELISPOTs using DC-stimulated, purified CD4 + T cells in the presence of the compounds or DMSO. As predicted by the effect of each inhibitor on STAT3 phosphorylation, the JAK2-targeting compounds significantly reduced T H 17, whereas alisertib had no effect (P < 0.05; Fig. 2C ). All of the inhibitors significantly decreased the frequency of interferon-g + (IFN-g + ) T H 1 T cells among treated allogeneic cocultures (P < 0.05; Fig. 2D ). However, dual blockade of Aurora A and JAK2 did not offer increased suppression of T H 1 compared to either inhibitor alone (Fig. 2D) .
Given that inhibition of Aurora A and JAK2 significantly reduced alloreactive T conv , T H 1, and T H 17 cells, we then studied the effects of dual blockade on inducible T reg (iT reg ) differentiation. Naïve Foxp3 + (35, 36) . iT reg conversion from naïve CD4 + precursors was variably reduced by all of the compounds compared to DMSO (Fig. 2 , F and G), and Aurora A inhibition appeared to exert greater iT reg impairment than JAK2 inhibition (Fig. 2G ). In contrast, IL-2-induced STAT5 phosphorylation, which is required for T reg development, remained intact among T cells treated with alisertib, TG101348, a combination of alisertib and TG101348, or the AJI analogs compared to DMSO (Fig. 2H ).
Dual inhibition of Aurora kinase A and JAK2 supports potent CD39
+ iT reg We confirmed that AJI-214 and AJI-100 exhibit identical suppressive potency in regard to Aurora A and JAK2 signal transduction and human T cell proliferation assays. Therefore, we used AJI-214 as the representative bispecific analog for additional iT reg -based in vitro mechanistic tests. Given that iT regs are derived from phenotypically plastic naïve CD4 + T cells, we confirmed that demethylated Foxp3 T reg -specific demethylated region (TSDR) was similar among AJI-214-exposed and DMSO-exposed iT regs (Fig. 3A) . To study the influence of dual pathway inhibition on iT reg -suppressive function, we cultured AJI-214-treated or DMSO-treated iT reg with autologous T cells targeting fresh allogeneic DCs. The AJI-214-treated iT regs demonstrated intact suppressive function, and its potency was significantly increased by about 30% compared to DMSO-treated iT regs (P = 0.018; Fig. 3B ). We then explored how Aurora kinase A versus JAK2 blockade contributed to this enhanced suppression by the iT regs . Antigen-specific iT regs were generated from CD25-depleted CD4 + T cells in the presence of alisertib, TG101348, a combination of alisertib and TG101348, or DMSO. Aurora kinase A inhibition with alisertib demonstrated superior suppressive capacity compared with either DMSO-exposed (P = 0.03) or TG101348-exposed (P = 0.04) iT reg (Fig. 3C ). The combination of alisertib with TG101348 was similar to alisertib alone (Fig. 3C ).
We investigated the mechanism supporting the increased iT reg function observed with AJI-214. We identified a significant increase in the cell surface density of CD39, an ectonucleotidase that hydrolyzes adenosine triphosphate (ATP), among the AJI-214-exposed iT reg compared with DMSO controls (P = 0.045; Fig. 4 , A to D). As reported by others, CD39 expression on non-T reg CD4 + T cells was minimal (Fig. 4 , B to D) (37) . We confirmed that the higher CD39 cell surface density among the AJI-214-treated iT regs resulted in improved scavenging of extracellular ATP, compared to DMSO-treated iT regs (Fig. 4E) . The enhanced hydrolysis of ATP by the AJI-214-treated iT regs was also significantly impaired by blocking the CD39 enzyme with ARL67156 (P < 0.0001; Fig. 4E ). To determine the influence of CD39 + iT reg in the overall efficacy of dual Aurora A/JAK2 blockade, we added ARL67156 to alloMLRs consisting of natural T reg -depleted CD4 + T cell responders with AJI-214 or DMSO. This eliminated potential interference from CD39 + natural T reg within the allogeneic coculture and ensured that the only T regs present in the system were induced. Moreover, ARL67156 would primarily affect the iT reg as T conv express negligible amounts of CD39. CD39 blockade significantly weakened the T cell inhibition by AJI-214 (P = 0.037; Fig. 4F ), supporting that CD39 + iT regs contribute to the immunosuppressive effects of AJI-214. With regard to other modes of iT reg suppression, we did not find any difference in their expression of LAG3 and CTLA4 or production of IL-10 or transforming growth factor-b (TGF-b) after exposure to AJI-214 or DMSO (Fig. 4 
, G to J).
Targeting Aurora kinase A and JAK2 reduces xenogeneic GVHD and preserves the generation antitumor CTL A xenogeneic GVHD model was used to investigate the in vivo efficacy of dual Aurora kinase A/JAK2 blockade to specifically evaluate effects on human immune responses. Recipient NOD (nonobese diabetic) scid g (NSG) mice were transplanted with human peripheral blood mononuclear cells (PBMCs) (30 × 10 6 cells) intraperitoneally (ip) on day 0. Independent donors were used for each experiment. We tested whether combining individual inhibitors of Aurora A and JAK2 prevented acute xenogeneic GVHD. Mice received alisertib (30 mg/kg daily), TG101348 (45 mg/kg twice a day), a combination of alisertib and TG101348, or methylcellulose vehicle from days 0 to +14 by oral gavage. The drug combination significantly delayed the onset and severity of GVHD, compared to vehicle or TG101348 alone (P < 0.0001 and P = 0.0001, respectively; Fig. 5, A and B) . There was also a suggestion toward an improved median survival with the drug combination compared to alisertib (50.5 versus 41 days; P = not significant).
The bispecific inhibitor AJI-100 was used to test the in vivo efficacy of singleagent blockade of Aurora A and JAK2 as GVHD prevention. As demonstrated, AJI-100 offers identical on-target inhibition and immunosuppressive properties as AJI-214 but exhibits superior bioavailability (28, 30). Compared to using (A) Bar graph depicts mean % demethylation of Foxp3 ± SEM among iT regs in alloMLRs treated with AJI-214 (750 nM) or DMSO from four independent experiments using triplicate technical replicates. (B) The suppressive capacity of sorted, DC-allostimulated iT regs previously exposed to AJI-214 or DMSO was tested at different ratios of iT reg to T cell responders stimulated by fresh allogeneic DCs (DC/responder T cell ratio of 1:30) in alloMLRs. No additional AJI-214 or DMSO was added. Bar graph shows means of % proliferation ± SEM based on [ the combination of alisertib and TG101348, AJI-100 had the advantage of being given once daily by intraperitoneal injection and avoided the need for sustained gavage dosing. Additionally, the single bispecific compound provided a pharmacologically cleaner approach by eliminating the variability in pharmacokinetics between the two drugs in combination. The recipient mice were transplanted with human cell as described. AJI-100 (50 mg/kg) or vehicle control was administered daily by intraperitoneal injection from days 0 to +14. AJI-100 significantly improved the overall survival of the mice and reduced the severity of GVHD, compared to vehicle control (P = 0.003; Fig. 5, C and D) . Ontarget inhibition of Aurora A and JAK2 was confirmed among human T cells harvested from recipient spleens at day +14. AJI-100 significantly reduced the amount of pH3Ser
10+ and pSTAT3 + T cells, respectively (P = 0.027 and P = 0.0098, respectively; Fig. 5 , E and F).
We used an established method to generate human antitumor CTL in vivo and then test their specific killing (38, 39) . CD8 + CTLs were generated in xenotransplanted mice receiving AJI-100 or vehicle control, where an inoculum of irradiated U937 cells was administered on day 0 and day +7. Unvaccinated, xenotransplanted mice served as negative control. Despite its immunosuppressive activity, AJI-100 did not inhibit CTL generation because CD8 + CTL from AJI-100-treated and vehicle-treated mice demonstrated similarly enhanced killing capacity against U937 targets in vitro, compared to unvaccinated controls (Fig. 5G ). These data support that although AJI-100 significantly reduces GVHD, it also preserves antitumor CTL responses.
AJI-100 significantly increases the ratio of T reg to activated T conv while eliminating T H 17 and T H 1 T cells Similar to its activity in vitro, AJI-100 suppressed the in vivo expansion of human T cells in the xenotransplanted mice. The absolute number of total CD4 + T cells (P < 0.0001), T regs (P = 0.001), and activated CD4 + T conv (P < 0.0001) from recipient spleens at day +14 was all significantly reduced by AJI-100 compared to vehicle (Fig. 6, A to E) . Activated T conv were proportionally more reduced by AJI-100 compared to T reg (Fig. 6, B and C) . Therefore, the ratio of T reg to activated T conv Graph shows means ± SEM from five independent experiments using three technical replicates (paired t test).
(G and H) Bar graphs depict mean fold MFI of LAG3 and CTLA4 ± SD on iT regs harvested from alloMLRs treated with AJI-214 or DMSO from three independent experiments. (I and J) Bar graphs show mean concentrations of IL-10 and TGF-b ± SEM among PMA (phorbol 12-myristate 13-acetate)/ionomycin-stimulated iT regs previously exposed to AJI-214 or DMSO during coculture from four independent experiments using three technical replicates. *P < 0.05, **P = 0.001 to 0.01, ****P < 0.0001.
was significantly increased among mice treated with AJI-100 compared to vehicle (P = 0.034; Fig. 6D ). AJI-100 also significantly reduced the amount of spleen-resident human T H 17 and T H 1 T cells, compared to vehicle (P = 0.002 for both; Fig. 6, F to H) . AJI-100 also exerted a suppressive effect on CD8 + T cell and CD19 + B cell reconstitution as determined by absolute numbers compared to vehicle ( fig. S3, A to F) . However, the frequencies of CD4 + and CD8 + T cells and CD19 + B cells were similar among AJI-100-treated and vehicle-treated mice ( fig. S3, C, D, and F) . The primary host target organs affected by GVHD at day +14 in this xenogeneic model were liver and lung. GVHD severity within these organs was significantly reduced by AJI-100, compared to vehicle (P = 0.043 and P = 0.002, respectively; 
DISCUSSION
T cell costimulation and cytokine activation independently contribute to GVHD, but control of donor alloresponses is incomplete when targeting either pathway alone (5, 14, 15, 17) . Here, we demonstrate that GVHD prevention can be accomplished by dual inhibition of Aurora kinase A and JAK2, attenuating CD28 costimulation (6) and IL-6-mediated signal transduction, respectively, without ablating potential antitumor CTL responses (15, 16, 21) . Concurrent blockade of Aurora kinase A and JAK2 yields synergistic immunosuppression of human allogeneic T cells in vitro, significantly enhances iT reg -suppressive potency, and enhances the ratio of T regs to activated T conv in vivo. These characteristics are distinct from CNI-based GVHD prophylaxis, which inhibits TCR function and indiscriminately suppresses donor T cells (1-3) . The lack of selectivity by CNIs results in a failure to achieve donor immune tolerance toward the host and mitigates the graft-versus-leukemia (GVL) potential of the allograft (1-3) .
Inhibition of Aurora kinase A or JAK2 activity individually suppressed human T cell proliferation in alloMLRs, and ) on days 0 and +7. Results shown are from one of two independent experiments, using a total of seven mice per group. U937 lysis was measured by released fluorescence after 4 hours (vehicle versus AJI-100, not significant, Mann-Whitney). *P < 0.05, **P = 0.001 to 0.01, ***P = 0.0001 to 0.001, ****P < 0.0001. synergy was achieved in vitro with simultaneous blockade of both signal transduction pathways. We used a xenogeneic model to study human T cell responses in vivo after Aurora kinase A and JAK2 blockade, understanding that the lack of recipient conditioning does differ from clinical practice in allogeneic HCT. We show that alisertib combined with TG101348 significantly delays GVHD. However, the combination of inhibitors appears additive at best in vivo and does not completely eliminate GVHD. The bispecific inhibitor AJI-100 significantly reduced GVHD and improved survival compared to vehicle control. We surmise that the apparent enhanced in vivo activity of AJI-100 compared to alisertib plus TG101348 may be due to inherent kinase selectivity. The ratio of Aurora kinase A to kinase B inhibition by AJI-100 is greater than alisertib ( fig. S2) (31) . This could contribute to enhanced impairment of T cell costimulation by AJI-100 and secondarily enhance efficacy (6) . Although the role of AMPK in GVHD is unknown, mouse models of inflammatory colitis using AMPK-deficient T cells suggest that AMPK neutralization may have immunosuppressive properties as well (40) . Therefore, off-target inhibition of AMPK by AJI-100 could be beneficial in controlling GVHD. However, the immunosuppressive effects of the combination of the JAK2 inhibitor TG101348 and the Aurora kinase A inhibitor alisertib coupled with the potent activity of AJI-100 suggests that the ability of AJI-100 to prevent GVHD is likely due to its dual JAK2/Aurora kinase A inhibitory activity.
Blockade of Aurora kinase A or JAK2 induces pathway-specific effects on developing iT reg and T H 17. First, blockade of Aurora kinase A and JAK2 permits the differentiation of highly suppressive, alloantigen-specific, CD39 + iT reg . Patients with rheumatoid arthritis lacking sufficient CD39 + T regs experience greater rates of methotrexate failure and poor clinical outcomes (41, 42) , suggesting that dual Aurora kinase A/JAK2 inhibition may benefit other inflammatory conditions. Our data support that the enhanced iT reg potency is largely a function of Aurora kinase A inhibition because iT regs exposed to alisertib, an Aurora kinase A-specific inhibitor, eliminated T conv proliferation. On the other hand, alisertib was unable to prevent T H 17 differentiation among AJI-100 compared to vehicle (Mann-Whitney). Pooled data are from at least two independent experiments. n = 6 to 14 mice per group. *P < 0.05, **P = 0.001 to 0.01, ****P < 0.0001.
naïve CD4 + T cells responding to alloantigen. Given that IL-6 receptor signal transduction facilitates T H 17 development (15, 18) , our data confirm that JAK2 blockade is capable of restraining STAT3 phosphorylation and resultant T H 17 differentiation. Additionally, JAK2 inhibition appears to exhibit less inhibition of iT regs compared to Aurora kinase A blockade. Last, inhibition of JAK2, Aurora kinase A, or both JAK2 and Aurora kinase A equally impaired the T H 1 response in vitro.
Selective inhibition of Aurora kinase A and JAK2 paired with preserved common gamma-chain cytokine signaling establishes a platform to control alloreactivity while permitting antigen-specific T reg and CTL responses. However, there are several limitations of this study that deserve further consideration. Although the xenogeneic model is well suited to test whether concurrent Aurora kinase A/JAK2 inhibition can prevent GVHD mediated by human cells in vivo, it does not entirely replicate human GVHD pathogenesis. The recipient mice do not receive transplant conditioning, unlike human patients, and this may affect GVHD target-organ injury, host antigen presentation, and the production of relevant cytokines such as IL-6. Our work demonstrates that AJI-100 permits the generation and function of antitumor CTL, but it is important to recognize that such experiments are supportive and not definitive in assessing whether the bispecific inhibitor preserves GVL in vivo. Last, small-molecule inhibitors can exhibit off-target inhibition, as we observed with AJI-100 and its suppression of AMPK. Unlike molecular knockout strategies, off-target effects by pharmacologic inhibitors may be immunologically relevant and should be considered when interpreting such data.
CNI-free GVHD prophylaxis is an important concept in improving patient outcomes after clinical transplantation. The challenges of CNI-based GVHD prevention are clear because CNIs offer incomplete protection from severe GVHD and render the donor immune system poorly equipped to counter posttransplant relapse (1) (2) (3) . Given that targeting Aurora kinase A and JAK2 significantly reduces activated T conv while permitting T regs and tumor-specific CTL, the concept described here may represent a translatable CNIfree approach at GVHD prevention. A limited number of CNI-free GVHD prophylaxis strategies currently exist and include T cell depletion of the allograft (43) or the use of posttransplant cyclophosphamide (44) . The bispecific inhibitor AJI-100 is an attractive alternative because it does not require ex vivo allograft modification (43) or the need to expose freshly infused donor stem cells to potent alkylators (44) . Hence, further investigation of dual Aurora kinase A/JAK2 inhibition is merited to promote selective control of donor immune responses after alloHCT.
MATERIALS AND METHODS
Study design
The first part of the study evaluated the in vitro effects of dual Aurora kinase A/JAK2 inhibition on human allostimulated T cells. This included a formal test for synergistic inhibition of T cell proliferation by combining alisertib (Aurora kinase A inhibitor) and TG101348 (JAK2 inhibitor) in standard alloMLRs. The Chou-Talalay method was used to calculate the CI and assess whether the drug combination was synergistic (<1), additive (equal to 1), or antagonistic (>1) (29) . We went on to determine how Aurora kinase A and JAK2 signal transduction pathways contributed to human T cell activation and the differentiation of T H 1, T H 17, and iT regs in vitro using a combination of alisertib and TG101348, as well as the bispecific inhibitors AJI-214 and AJI-100. We tested whether concurrent blockade of Aurora kinase A and JAK2 led to enhanced iT reg -suppressive potency both functionally and mechanistically, evaluating the effect of AJI-214 on iT reg expression of CD39, LAG3, and CTLA4 and production of IL-10 and TGF-b. The second part of this study used a human/NSG mouse GVHD model to investigate whether dual Aurora kinase A/JAK2 blockade could prevent xenogeneic GVHD using a combination of alisertib and TG101348 or AJI-100 in separate sets of experiments. For GVHD experiments, the end point was premoribund state, and the mice were monitored frequently for GVHD clinical scores. Histopathologic scores were assessed on day +14 as indicated. Additionally, we investigated whether AJI-100 permitted the generation of U937-specific CTL in vivo and then tested the specific cytotoxicity of the CTL in vitro. All murine in vivo data were pooled from at least two independent experiments with n = 6 to 14 mice per group.
Allogeneic mixed leukocyte reactions
Healthy donor T cells were purified by nylon wool elution or magnetic bead separation and allostimulated with allogeneic DCs (DC/T cell ratio of 1:30) as previously described (OneBlood) (15, 16, 20) . DCs were cytokine-matured with IL-1b, IL-6, tumor necrosis factor-a, and prostaglandin E 2 (15, 16, 20) . For synergy assays, TG101348 (JAK2 inhibitor, Chemietek), alisertib (Aurora kinase A inhibitor, Selleckchem), or both TG101348 and alisertib (ratio of 1:5, respectively) were added once on day 0. Alisertib, TG101348, a combination of alisertib and TG101348, AJI-214, AJI-100 [dual JAK2 and Aurora kinase A inhibitors (28, 30) , Moffitt Chemical Biology Core; fig. S1 ], or DMSO (<0.1%) was added once on day 0 at concentrations ranging from 0.078 to 2.5 mM. These experiments were performed twice with four technical replicates for each condition. Different DC/T cell donor pairs were used for each experiment. As indicated, we treated alloMLRs consisting of natural T reg -depleted, naïve CD4 + T cells (Miltenyi Biotec Inc) with a combination of ARL67156 (CD39 inhibitor, 125 mM; Sigma), AJI-214, and DMSO on day 0 to study the role of CD39 and ATP in this system. T cell proliferation was measured on day 5 by a colorimetric assay [CellTiter 96 AQ ueous One Solution Cell Proliferation Assay [3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS)] or CellTiter-Blue, Promega] (15, 16, 20) . Absorbance or optical density (OD) was analyzed at 490 or 590 nm, respectively. Percent proliferation was calculated as follows: [(OD of treated alloMLR − OD of T cells alone)/(OD of DMSO alloMLR − OD of T cells alone)] × 100. These experiments were performed three to seven times as indicated with triplicate technical replicates for each condition. Different DC/T cell donor pairs were used for each experiment.
Monoclonal antibodies and flow cytometry
Fluorochrome-conjugated mouse anti-human monoclonal antibodies included anti-CD3, CD4, CD8, CD25, CD39, CD127, CTLA4, Foxp3, LAG3, pSTAT3 Y705, pSTAT5 Y694, and pH3Ser 10 (BD Biosciences, eBioscience, and Cell Signaling Technology). LIVE/DEAD Fixable Yellow Dead Cell Stain (Life Technologies) was used to determine viability. Live events were acquired on a FACSCanto or LSR II Flow Cytometer (FlowJo software, version 7.6.4; Tree Star).
Protein phosphorylation in T cells
H3Ser 10 phosphorylation. T cells were cultured with allogeneic DCs (DC/T cell ratio of 1:30) for 5 days in RPMI/10% pooled human serum, with alisertib (1.75 mM), TG101348 (350 nM), a combination of both inhibitors, AJI-214 (750 nM), AJI-100 (750 nM), or DMSO control added once on day 0. After 5 days, T cells were then harvested and directly fixed (Cytofix, BD Biosciences) for 10 min at 37°C. After washing with phosphate-buffered saline, the T cells were permeabilized with icecold methanol (90%, v/v) for at least 20 min at −20°C. The cells were stained for expression of CD3 and pH3Ser 10 . STAT3 and STAT5 phosphorylation. As indicated, T cells were serum-starved in RPMI treated with DMSO diluent control, alisertib, TG101348, a combination of both inhibitors, AJI-214, or AJI-100 for 4 hours. IL-6-induced pSTAT3 or IL-2-induced pSTAT5 (Y694) was measured by flow cytometry as described (15, 16) . NSG mice. After transplantation and treatment with either AJI-100 or vehicle control, human T cells were isolated from recipient mouse spleens at day +14, stained for pH3Ser 10 or pSTAT3 (+IL-6 stimulation), and analyzed as described.
Effect of dual pathway inhibition on effector CD4 T cell differentiation Purified human T cells were allostimulated with DCs at a DC/T cell ratio of 1:30 in RPMI/10% pooled human serum. DMSO, alisertib (1.75 mM), TG101348 (350 nM), both alisertib and TG101348, AJI-214 (750 nM), or AJI-100 (750 nM) was added once on day 0. The T cells were harvested and surface-stained on day 5 for CD3, CD4, CD25, and CD127. Activated CD4 + T conv were characterized by expression of CD25 and CD127 (32) (33) (34) , and activated CD8 + T conv (CD3 + and CD4 − ) were identified by CD25 expression. The absolute number of CD4 + and CD8 + T conv was calculated by flow cytometry using CountBright beads (Life Technologies). T H 1 cells were characterized by expression of CD3, CD4, and intracellular IFN-g (after an additional 4 to 5 hours of stimulation with PMA/ionomycin). For T H 1 experiments, purified CD4 + T cells were used as opposed to bulk T cells.
iT reg differentiation and potency iT regs were generated as previously described (16) in the presence of alisertib (1.75 mM), TG101348 (350 nM), both alisertib and TG101348, AJI-214 (750 nM), AJI-100 (750 nM), or DMSO. On day 5, iT regs were isolated and washed to minimize drug carry-over as reported (16) . The T cells were harvested and surface-stained on day 5 for CD3, CD4, CD25, and CD127, followed by fixation and permeabilization (eBioscience) and Foxp3 staining (35, 36) . The absolute number of iT reg was calculated by flow cytometry using CountBright beads (Life Technologies). The purified iT regs were titrated against alloMLRs consisting of responder CD4 (16) . Surface expression of CD39 and LAG3 was evaluated on the iT reg . iT reg production of CTLA4 was assessed by intracellular staining after a 5-hour treatment of PMA/ ionomycin, with GolgiStop added during the last 4 hours of incubation. iT reg synthesis of IL-10 and TGF-b (Quansys Biosciences) was quantified from supernatants using multiplex cytokine assays after PMA/ionomycin stimulation.
ATP hydrolysis assay iT reg generated in the presence of AJI-214 (750 nM) or DMSO were plated in V-bottom 96-well plates in serum-free medium at a concentration of 75,000 cells/100 ml. ARL67156 (125 mM) was either added or not as indicated. A fixed dose of ATP (50 mM) was added to the cells and incubated at 37°C for 45 min. ATP consumption was measured by a luminescence assay according to the manufacturer's instructions (CellTiter-Glo Luminescent Cell Viability Assay, Promega) and was read by a spectrofluorometer. Percent consumption was calculated as follows: (luminescence of test supernatant/ luminescence of 50 mM ATP cell-free control supernatant) × 100.
Foxp3 TSDR demethylation analysis Foxp3 TSDR demethylation was analyzed among magnetic beadpurified (Miltenyi), allostimulated AJI-214-treated and DMSOtreated iT regs . The primer selection, the procedure for amplifying methylation-specific and demethylation-specific TSDR products, genomic DNA isolation, bisulfite conversion, and quantitative polymerase chain reaction were performed as previously reported (16) .
IL-17 ELISPOT Naïve CD4
+ T cells were purified and allostimulated (DC/T cell ratio of 1:30) as reported (21) . Alisertib (1.75 mM), TG101348 (350 nM), both alisertib and TG101348, AJI-214 (750 nM), AJI-100 (750 nM), or DMSO control was added once on day 0. Medium was supplemented with IL-6 (1 × 10 5 IU/ml), TGF-b (4 ng/ml; R&D Systems), and anti-IFN-g monoclonal antibody (10 mg/ml; eBioscience) to polarize T H 17. After 5 days, the T cells were harvested, washed, and then plated at 35,000 cells per well in an IL-17 ELISPOT plate (R&D Systems). The CD4 + T cells were stimulated with PMA/ionomycin, and the ELISPOT assay was performed according to the manufacturer's instructions. The resultant spots were read by a plate reader.
Xenogeneic GVHD model NSG mice (6-to 24-week-old male or female) were purchased from The Jackson Laboratory and raised according to an Institutional Animal Care and Use Committee (IACUC)-approved protocol in adherence to the National Institutes of Health's Guide for the Care and Use of Laboratory Animals. Mice received fresh, human PBMCs (30 × 10 6 cells) ip from a uniform donor source (OneBlood) per experiment, once on day 0 of the transplant. Mice received either (i) alisertib (30 mg/kg daily), TG101348 (45 mg/kg twice a day), a combination of alisertib and TG101348, or vehicle (methylcellulose) by oral gavage or (ii) AJI-100 (50 mg/kg daily) or vehicle (50% polyethylene glycol, 15% 2-hydroxypropyl-b-cyclodextrin, and 10% DMSO in sterile saline) ip from day 0 to day +14. Mice were monitored for GVHD clinical scores (46) , weight, and premoribund status. As indicated, mice were euthanized on day +14 to study recipient spleen T conv , T regs , T H 1, T H 17, B cells, and T cell signal transduction. Human T reg , T conv , T H 1, and CD19 + B cells residing in recipient spleens were quantified by flow cytometry. T cell pH3Ser 10 and pSTAT3 were evaluated by flow cytometry. IL-17 ELISPOTs were performed using isolated human T cells from recipient mouse spleen as described above. Tissue samples were prepared, stained (Ventana Medical Systems), and imaged (Vista) to identify human T cells as previously described (21) . GVHD pathology scores for recipient liver and lung were assigned in a standard fashion (45) . All vertebrate animal work was IACUC-approved.
CTL generation and tumor lysis assays NSG mice were transplanted with human PBMCs as described above and treated with either AJI-100 (50 mg/kg daily) or vehicle
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control. Additionally, recipient mice received an inoculum of irradiated U937 cells (1 × 10 7 per mouse; American Type Culture Collection) on days 0 and +7 (38, 39) . Mice were euthanized between days +10 and +12, spleens were harvested, and human CD8 + T cells were isolated by magnetic bead separation. Fresh U937 target cells were labeled with calcein-acetoxymethyl for 30 min, washed, and then cultured with the purified CD8 + T cells at varying effector-to-target ratios for 4 hours at 37°C. No additional drugs were added during this final culture. The amount of supernatant fluorescence released by the target cells was measured using a spectrofluorometer (excitation at 485 nm and emission at 535 nm) (46) . Percent lysis was calculated as follows: [(test fluorescence − spontaneous fluorescence)/(maximum fluorescence − spontaneous fluorescence )] × 100 (46) .
Statistical analysis
For comparisons of paired data sets, the paired t test was used. ANOVA was used for group comparisons. Survival comparisons were made using the log-rank test. The Mann-Whitney test was used for all others. The statistical analysis was conducted using Prism software version 5.04 (GraphPad). Statistical significance was defined by P < 0.05 (two-tailed).
For drug combination experiments, the results were analyzed for synergistic, additive, or antagonistic effects using the CI method developed by Chou and Talalay (29) . The dose-effect curve for each drug alone was determined on the basis of experimental observations using the median-effect principle and then compared to the effect achieved with a combination of the two drugs to derive a CI value. For this analysis, XLfit software (IDBS) was used to create log-log dose-fractional effect plots for each drug and combination and to regress a straight line through the points and was used to 2 , where (Dx) 1 and (Dx) 2 in the denominators are the concentrations for drug 1 and drug 2 alone that gave x% inhibition, whereas (D) 1 and (D) 2 in the numerators are the concentrations of drug 1 and drug 2 in combination that also inhibited x% (that is, isoeffective).
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